(19) 




Europaisches Petentamt 
European Patent Otfice 
Office europeen des brevets 



(11) 



BP 0 708 367 B1 



(12) 



EUROPEAN PATENT SPECIFICATION 



(45) Date of publication and mention 
of the grant of tfie patent: 
14.01.1998 Bulletin 1998/03 

' (21) Application number: 95307180.0 

-122) Date of filing: 11.10.1995 



(51) lot CI 6: G03F 1/00 



(54) Pattern delineating apparatus for use in the EUV spectrum 

Gerat zur Darstellung von Mustern zum Einsatz im extremen UV-Bereich 

Appareil pour decrire des motifs pour utilisation dans le domaine ultra-violet extreme 



(84) Designated Contracting States: 
DE FR GB IT 

(30) Priority: 20.10.1994 US 326449 

(43) Date of publication of application: 
24.04.1996 Bulletin 1995/17 

(73) Proprietor: AT&T Corp. 

New York, NY 10013-2412 (US) 

(72) Inventors: 

• Tennant, Donald Milan 
Freehold, New Jersey 07728 (US) 

• Wood II, Obert Reeves 

Little Silver, New Jersey 07739 (US) 



* Wliite, Donald Lawrence 
Morris Plains, New Jersey 07950 (US) 

(74) Representative: Johnston, Kenneth Graham et al 
Lucent Technologies (UK) Ltd, 
5 Mornington Road 
Woodford Green Essex, IG8 OTU (GB) 



(56) References cited: 
EP-A- 0 567 169 



EP-A- 0 671 658 



• MICROELECTRONIC ENGINEERING, vol. 6, no. 
1-4, 1987 NORTH HOLLAND, pages 265-271, M. 
WEISS ET AL 'Influence of Phase Shift on 
Pattern Transfer in X-ray Lithography' 



OQ 
N 

<o 

CO 

00 
O 
N 

o 

UJ 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



Printed by Jouve, 75001 PARIS (FR) 



EP 0 708 367 B1 



Description 
Technicai Fieid 

Fabrication of Large Scale Integrated circuits and 
other devices having submicron features entailing pro- 
jection lithography by use of extreme ultraviolet deline- 
ating radiation. 

Terminology 

EUV - "Extreme Ultraviolet" electromagnetic radia- 
tion - radiation within the wavelength range of from 
50nm to 3nm. This wavelength range is sometimes de- 
scribed as "soft x-ray". 

Vacuum Ultraviolet - Electromagnetic radiation in 
the wavelength range of from 150nmto50nm. Radiation 
in this range is highly absorbed in usual optical materials 
which are transmissive at longer wavelengths - an ab- 
sorption, which like that of the EUV, suggests use of re- 
flecting, rather than transmitting, optics. 

Proximity X-ray - A lensless, one-to-one (mask-to- 
image), lithography system in which the information- 
containing mask is in near-contact with the image plane. 

Wavelength - Unless othenwise noted or implicit, 
reference to wavelength of delineating radiation is as 
measured in vacuum. 

Leaky Phase Mask - A phase mask in which delib- 
erate passage of illuminating radiation through blocking 
regions destructively interferes with edge-scattered ra- 
diation to lessen scatter-blurring of feature edges. The 
structure is sometimes referred to as an "attenuated 

phase mask". 

Coherency - Reference is made to spatial coher- 
ence of delineating radiation in terms of Filling Factor, a 
- I.e. by reference to the degree of coherency yielded by 
a system satisfying the relationship: 



o = 



N A of condenser 
N A of lens 



Eq. (1) 
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In accordance with the relationship, a o value of ze- 
ro indicates 100% coherency. - 

Description of Related Art 

It is generally agreed that "next generation LSI" - 
LSI built to design rules of 0.25^m or smaller, will require 
delineating radiation of shorter wavelength than that in 
the presently-used "near ultraviolet" spectrum. Shorter 
wavelengths in the deep ultraviolet spectrum (DUV), e. 
g.. at wavelength values of 248nm initially, and eventu- 
ally of 1 93nm, should be satisfactory for design rules of 
0.25^m and, approaching O.IB^m. Two candidates are 
being pursued for use with smaller design rules. The first 
uses accelerated charged particles - electrons or ions. 
The second uses electromagnetic radiation beyond the 
DUV. Radiation in the EUV spectrum (X - 50nm-3nm) 
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is under study for fabrication of 0.18|im devices, and is 
prospectively useful for smaller design rules, e.g., 
O.IOjim and smaller 

Proximity x-ray is, at this time, the most advanced 
short wavelength delineation technique. A typical sys- 
tem operates at a wavelength in the range of from 0.6 
to 1.8nm. Thin membrane, gold or tungsten masks, 
spaced 20 to 40|im from the wafer, to avoid mask dam- 
age, have yielded pattern images of O.l^im and smaller 
feature size. Diffraction and penumbra blurring at fea- 
ture boundaries have been successfully addressed. Dif- 
fraction effects are inherently minimized by the short 
wavelength radiation. Resolution, for already-excellent 
resist materials, may be further improved by use of 
phase masks. See, Y.-C. Ku, et al.. J. Vac. Sci.Technol. 
B6, 150(1988). Penumbra blurring is not a problem for 
synchrotron sources and small size plasma. The prox- 
imity system, still widely pursued, has a significant draw- 
back. Masks, necessarily made to the same design 
rules as the image, are expensive to fabricate and diffi- 
cult to repair. 

Projection systems providing for image reduction 
permit use of less expensive, larger-featured masks - 
features perhaps 5 or more times larger than that of the 
desired image. Unfortunately, proximity x-ray technolo- 
gy Is not transferable to projection. The 1 .2nm radiation, 
desirable for its lowered diffraction, accompanied by ac- 
ceptable transmissivity in the membrane mask, is un- 
suited for transmission optics. Required values of re- 
fractive index and transmissivity are not available in oth- 
erwise suitable materials. 

As a consequence, projection systems use reflec- 
tive, rather than transmission optics. Since conventional 
single-surface mirrors have inadequate reflectivity, dis- 
tributed mirrors - "Distributed Bragg Reflectors" (DBRs) 
- are used. (These are often called "multilayer mirrors" 
in the EUV literature.) Again, the 1 .2 nm proximity print- 
ing wavelength range is unacceptable. Required index 
differences for suitable DBR structures are unavailable 
at this wavelength. The wavelength range of particular 
interest for projection is in the EUV spectrum (50nm - 
3nm). 

Substrate-supported DBRs and patterned metal 
layers, se^e as reflecting masks. (Chromium layers, 
commonly used at longer wavelengths in the ultraviolet 
spectrum, are replaced by gold or germanium layers in 
the EUV spectrum.) Features as small as O.OSiim have 
been printed in PMMA resist layers using delineating ra- 
diation of 13.9nm wavelength. See, J. E. Bjorkholm, et 
ai. J. Vac. Sci. Technol. B 8, 1 509 (1 990). 

Another problem arises. While the gap-induced lim- 
itation of proximity printing is avoided - while the projec- 
tion process offers a high resolution aerial image - ap- 
propriate resist materials - have not been found. Delin- 
eating EUV radiation is absorbed within a very thin sur- 
face layer - far too thin a layer to use as a stand-alone 
etch-barrier. In thicker, single material, resist layers, the 
underlying major portion is effectively unexposed, re- 
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suiting in poorly defined profiles, and in unsatisfactory 
resolution. 

The problem Is under study. "Use of Trilevel Resist 
for High Resolution Soft X-Ray Projection Lithography", 
D.W. Berreman. er ai.. Appl. Phvs. Lett. , vol. 56 (22), 28 
(1 990) describes a tri-level system constituted of a thin 
layer of photosensitive material, an underlying thin layer 
of germanium, and. finally, a thick layer of organic ma- 
terial. After developing the surface image, it is trans- 
ferred to the silicon substrate in an etch step (in which 
1he two underlying layers serve in succession as etch- 
barriers). 

" ~ A promising approach uses a different form of "sur- 
face active" resist, and a two-part process providing for 
transfer of a developed surface image into the underly- 
ing part of the resist. 

The problem is most severe in the EUV spectrum, 
for wavelengths > 10nm although it is still a concern at 
longer wavelengths (e.g. at 193nm). 

Summary of the Invention 

The inventive apparatus serves as an alternative, 
or supplement, to a surface -activated resist to permit 
projection-reduction lithography with improved image 
edge definition. Likely to find substantial use in the EUV 
spectrum, it depends on use of a phase mask, of unique 
design. The mask of the invention according to claim 1 
improves resolution of the aerial Image, with corre- 
sponding improvement in the resist image. The respon- 
sible operating principle is that of the transmission leaky 
phase mask of H. Smith, et al. U.S. Pat. 4,890.309 is- 
sued 1989. but now embodied in a reflecting structure. 
The same multi-layer mirror used in lens elements may 
sen/e as substrate. The masking layer depends on par- 
tially-transmitting or "leaky" blocking regions, which im- 
pose a 180** round-trip phase delay on delineating radi- 
ation reflected from these regions (relative to radiation 
reflected from unmasked regions). 

Brief Description of the Drawing 

FIG. 1 is a cross-sectional view of a reflective leaky, 
phase mask of the invention. The structure shown uses 
a bi-layer made up of discrete layers of attenuator and 
phase shifter, in the blocking regions. 

FIG. 2 shows an alternative mask structure of the 
invention. It is identicaltothatof FIG. 1, butusesasingle 
layer both for attenuating and phase shifting. 

FIG, 3. on coordinates of electric field on the ordi- 
nate, and distance on the abscissa, shows the relation- 
ship of these quantities for an image produced by a 
" leaky phase mask. 

FIG. 4. on coordinates of intensity and distance, 
shows the intensity variation corresponding with the E- 
field variation of FIG. 3. 

FIG. 5 is a plot relating image intensity to position 
for aerial images for different values of mask attenua- 
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tion. . 

Detailed Description 

5 I. General - EUV projection-reduction technology 
continues to undergo development The Schwarzwhild 
arrangement, using two spherical mirrors, has been 
succeeded by ringfield scanning with aspheric correc- 
tions. A state-of-the-art apparatus is described in U.S. 

10 Pat. 5.315,629 issued May 24, 1 994, That four-element 
ringfield- •:sean apparatus is capable of reproducing 
0.1 ^mi features across an arcuate field several mm in 
width and 30mm in length. 

The commercially accepted form of the invention 

is will depend on many developments. The experimental 
mask was planar. Incorporation in another element - in 
a positioning, or even in a non-planar focusing element 
of the lens train - is a possibility. Elimination of the inde- 
pendent masking element, with accompanying reduced 

20 optical losses, may be sufficient compensation for the 
added complication of building the mask on a cun/ed 
surface. 

Experimental work faithfully reproduced mask lines 
and spaces in the resist. A degree of freedom is intro- 
25 duced by use of "biased masks" - masks with predistort- 
ed features to compensate for distortion introduced by 
"overexposure". 

Use of apparatus incorporating the new mask im- 
proves resolution for EUV projection aerial images. 
30 Consequential improvement in resist images - 10% 
steeper feature edges - improves resolution in the final 
device. Still further improvement will result by modifying 
processing to take advantages of the new mask. Co- 
filed U.S. Pat. App. 326,444. filed October 20, 1994 de- 
35 scribes improved processes. 

Choice of wavelength range will depend on a 
number of factors - e.g.. on resist capabilities and on 
mirror reflectivities. Use of radiation of X = 1 3.9nm is rep- 
resentative of the wavelength range of 15nm-3nm. with- 
40 in the EUV spectrum used in reported work. The pre- 
ferred multi-layer phase mask operates over a some- 
what broader wavelength range within and beyond the 
entire EUV spectrum of 50nm-3nm. Reflection phase 
masks* if u^d in the DUV spectrum (300nm-150nm) will 
45 likely substitute a simple single-surface mirror, perhaps 
reinforced by a single Bragg pair. 

Specific mask design is primarily for the device fab- 
rication which provoked the work leading to the present 
invention. That structure uses a simple apertured pat- 
so tern layer directly deposited on the mirror. Variations are 
contemplated. Masks are likely to use an apertured pat- 
tern to avoid unnecessary absorption loss, but addition- 
al layers maV be added - to fine-tune the phase shift, or 
to protect the mirror. 
55 The improved aerial image may have other implica- 
tions. The same increased edge definition that results 
in steeper resist profiles results in more sharply defined 
boundaries in direct processing - in resist-less process- 
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A.E. Novembre, etal. "ASub-O.S^im Bilevel Lithograph- 
ic Process Using the Deep-UV Electron-Beam Resist P 
(SI-CMS)", Polymer Engineering and Science vol. 29. 
no. 14. p. 920(1989). 

In "near-surface" imaging, the thin surface image is 5 
developed by chemical crosslinking of the exposed re- 
gions, after which uncrosslinked regions are made re- 
sistant to plasma transfer, by use of an agent which se- 
lectively reacts in these regions. A form of the process 
uses silylation. See, G.N. Taylor, et al. "Silylated positive to 

-.tone resists for EUV lithography at 14 nm", Mlcroelec- 
Jronic Engineering , vol. 23, p. 279 (1994). 

- - In "at-the-surface-imaging", refractory films are 
chemically bonded to organic resist surfaces to provide 
a plasma resistant etching mask during image transfer. 
See, G.N. Taylor, et al. "Self-assembly; Its use in at-the- 
surface imaging schemes for mlcrostructure fabrication 
in resist films". Microelectronic Engineering, vol. 23. 
p. 259 (1994). 

20 

IV. Aerial Image - 

The advance invariably depends on an improved 
aerial image - an image with better edge resolution (or 
edge contrast). This Is used to advantage in a variety of 25 
ways. It may give greater freedom in choice of resist; it 
may permit increased exposure time; etc. In terms of the 
motivating problem - resist absorption - it permits sub- 
stantially increased thickness for the developed image. 
Here, the improved edge definition permits increased 30 
exposure because of lessened feature broadening. This 
increased thickness facilitates image transfer into un- 
derlying masking material and/or results in a more sta- 
ble masking layer during subsequent processing. This 
is described as improved "CD" (critical dimension) con- -35 
trol. 

FIG. 3 describes the improvement of the aerial im- 
age in terms of electric field amplitude. The figure is plot- 
ted on coordinates of E-field and image plane position 
for a mask portion containing a single feature edge. 40 
^ Three curves are shown. Curve 30 shows the electric 
field of the radiation reflected from the mask surface. 
(The form of curve 30 is characteristic of a normal rpask 
made up of nominally totally absorbing and transparent 
regions.) The field decreases from a maximum value on 4S 
the unmasked region (left hand region) to zero in the 
blocking region. Curve 31 shows the field of the fraction- 
al portion of radiation reflecting back through the leaky 
blocking region. Curve 32 shows the resulting compos- 
ite field - with its total cancellation at feature-edge posi- 50 
tion 33. 

FIG. 4 plots the effect in units of intensity, i.e.. the 
■ ' square of the E-field. Curve 40 shows the variation in 
field intensity in the vicinity of a feature edge tor an aerial 
image produced by a normal mask, monotonically de- ss 
creasing from its maximum value to zero. Curve 41 
shows the intensity distribution for a leaky phase mask. 
Intensity drops at increasing rate and reaches zero val- 



ue at feature edge 42, and then changes direction and 
rises to a finite value. That finite intensity value at the 
plateau of curve 43, is the "leakage" (or transmission) 
value that defines the degree of mask attenuation. 

FIG. 5 shows an image portion of 0.5 ^m width. For 
the 0.50|im lines and spaces of the image, This portions 
shows a single feature edge (in the center of the span), 
bounded by a half line (left-hand portion) and a half 
space (right-hand portion). Ordinate units are image in- 
tensity. 

FIG. .5 shows the aerial image for four values of 
mask attenuation. That of curve 50 is a normal mask 
made up of blocking regions of 100% nominal opacity. 
Curves 51 , 52 and 53 show phase masks with varying 
transmission - curve 51 for 10%, curve 52 for 20%. and 
curve 53 for 30%. In abscissa units, the feature edge is 
considered to lie at 0.25^m. The improvement in slope 
for each of cun/es 51 , 52 and 53 is evident. While there 
is some improvement with increased transmission, 
there is little change beyond the 10% transmission 
which shows improvement of about 10° in the units of 
the figure. 

The 10% transmission mask is a compromise be- 
tween image contrast and interference structure. Final 
choice will depend on resist characteristics; circuit de- 
sign; and radiation coherency. In general, the preferred 
transmission range is 5%-20%. 

Synchrotron and plasma sources are studied for 
EUV lithography. The synchrotron is inherently near 
100%-coherent. Scatter plates have been used to re- 
duce coherency to the desired range. U.S. Pat. App. SN 
08/059924, filed May 10, 1993, describes appropriate 
synchrotron collection optics. Plasma source emission 
is generally enlarged in use and is effectively incoher- 
ent. Collector optics with appropriate filling factors for 
assuring the desired coherence are described in U.S. 
Pat. 5,339,346, August 16, 1994. 



Claims 

1. Lithographic mask comprising a mask pattern for 
producing a projection image, the projection image 
inciud^g features of least dimension less than 
0.25^m, the mask pattern consisting of transparent 
regions and blocking regions for selectively trans- 
mitting and blocking delineating radiation, the 
blocking regions being so composed and of such 
thickness as to transmit a portion of incident delin- 
eating radiation, while imposing a phase delay, so 
that the portion is phase shifted by about 180* rel- 
ative to that transmitted through transparent re- 
gions, whereby feature edge definition is improved 
by destructive interference, 

CHARACTERIZED IN THAT 

the mask is a reflecting mask including a re- 
flecting substrate with its reflectivity dependent on 
a multi-layer distributed reflector, and in that block- 
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ing regions mask the reflecting substrate from inci- 
dent radiation, the thickness of the blocking regions 
being such as to impose a phase shift of about 90** 
for one-way passage of radiation, in which the thick- 
ness and refractive index of the blocking regions is 
such as to provide this phase shift for radiation of a 
wavelength within the wavelength range of from 
150nm to 3nm. 

2. Mask of claim 1 in which the composition of blocking 
regions contain at least two ingredients. 

- ^. ' Mask of claim 2 in which blocking regions consist 
of at least two discrete layers of differing composi- 
tion. 

4. Mask of claim 3 In which blocking regions consist 
essentially of two discrete layers. 

5. Mask of claim 2 in which discrete ingredients con- 
stitute a physical mixture. 

6. Mask of claim 1 in which blocking regions consist 
essentially of a single layer of homogeneous mate- 
rial. 

7. Mask of claim 1 in which blocking layer thickness 
provides the phase shift for radiation of a wave- 
length within the wavelength range of 50nm-3.0nm. 

8. Mask of claim 7 in which image feature dimension 
is less than ClS^im. 



Patentanspruche 

1. Lithografische Maske mit einer Maskenstruktur zur 
Erzeugung eIner Projektionsabbildung, wobel die 
Projektionsabblldung Strukturelemente mit einer 
kleinsten Abmessung von weniger als 0,25 ^im ent- 
halt, die Maskenstruktur zum selektiven Durchlas- 
sen Sperren von Schreibstrahlung aus durchlassi- 
gen Bereichen und Sperrbereichen besteht.-die 
Sperrberelche so zusammengesetzt sind und eine 
soiche Dicke aufweisen. da3 ein Teil von einfallen- 
der Schreibstrahlung durchgelassen wird und dabei 
eine Phasenverzogerung auferlegt wird, so daB der 
Teil relativ zu dem von durchlassigen Bereichen 
durchgelassenen Teil um etwa 1B0 Grad phasen- 
verschoben wird, wodurch die Strukturelement- 
kantenscharfe durch Ausloschung verbessert wird, 

dadurch gekennzeichnet, daB 

die Maske eine reflektierende Maske ist und 
ein reflektierendes Substrat enthalt, wobel der Re- 
flexionsgrad von einem mehrschichtlgen verteilten 
Reflektor abhangt, und dadurch, daB Sperrberel- 
che das reflektierende Substrat von einfallender 
Strahlung abschirmen, wobei die DIcke der Sperr- 



bereiche so gewahit ist, daB fur Einweg-Durchgang 
von Strahlung eine Phasenverschiebung von etwa 
90 Grad auferlegt wird, wobei die Dicke und der 
Brechungsindex der Sperrbereiche so gewahit Ist, 
s daB diese Phasenverschiebung fur Strahlung einer 
Wellenlange im Wellentangenbereich von 150 nm 
bis 3 nm bereitgestellt wird. 

2. Maskenach Anspruch 1, beiderdieZusammenset- 
70 zung von Sperrbereichen mindestens zwei Be- 

■ standfeile enthatt. 

3. Maske nach Anspruch 2, bei der Sperrbereiche aus 
mindestens zwei diskreten Schichten mit verschie- 

is dener Zusammensetzung bestehen. 

4. Maske nach Anspruch 3, bel der Sperrbereiche im 
wesentlichen aus zwei diskreten Schichten beste- 
hen. 

20 . . 

5. Maske nach Anspruch 2, bei der diskrete Bestand- 
teile eine physikalische Mischung bilden, 

6. Maske nach Anspruch 1 . bel der Sperrbereiche im 
25 wesentlichen aus einer einzigen Schicht aus homo- 

genem Material bestehen. 

7. Maske nach Anspruch 1, bel der die Dicke der 
Sperrbereiche die Phasenverschiebung fur Strah- 

30 lung einer Wellenlange Im Bereich von 50 nm bis 
3,0 nm bereitstellt. 

8. Maske nach Anspruch 7, bei der die Abmessung 
der Abbijdungsstrukturelemente weniger als 0,18 

35 |im betragt. 

Revendications 

40 1. Masque lithographique comprenant un motif de 
masque en vue de produire une image de projec- 
tion, rimage de projection comportant des caracte- 
. . ristiques de moindre dimension inf6rieures k 0,25 
:]im,.1e^otif de masque etant constitu6 de regions 

45 transparentes et de regions bloquantes en vue de 
transmettre et de bloquer selectivement un rayon- 
nement de delineation, las regions bloquantes 6tant 
compos6es de telle sorte. et etant d'une epaisseur 
telle, qu'elles transmettent une portion du rayonne- 

50 ment de delineation incident, tout en imposant un 
retard de phase, de sorte que la portion soit depha- 
see d'environ 180" par rapport k celle transmise k 
traversles regions transparentes, ce parquoi la de- 
finition des bords des caract6ristiques est ameiio- 

55 r^e par Interference destructive, 

CARACTERISE EN CE QUE 
le masque est un masque de reflexion com- 
portant un substrat de reflexion dont la reflectivite 
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depend d'un r^flecteur r^parti sur de multiples cou- 
ches, et en ce que des regions bloquantes nnas- 
quent le substrat de reflexion par rapport au rayon- 
nennent incident, I'epaisseur des regions bloquan- 
tes 6tant telle qu'elle impose un dephasage d'envi- s 
ron 90° pour un passage unldirectionnel de rayon- 
nement. dans lequel I'epaisseur et I'Indicede refrac- 
tion des regions bloquantes sont tels qu'ils produi- 
sent ce dephasage pour un rayonnement d'une lon- 
gueur d'onde se trouvant dans la gamme de 
longueurs d'onde allant de 150 nm ^ 3 nm. 

5. - Masque selon la revendication 1 , dans lequel la 
composition des regions bloquantes conttent au 
moins deux ingredients. 

3. Masque selon la revendication 2, dans lequel les 
regions bloquantes sont constituees d'au moins 
deux couches discretes de composition differente. 

20 

4. Masque selon la revendication 3, dans lequel les 
regions bloquantes sont essentiellement consti- 
tutes de deux couches discretes. 

5. Masque selon la revendication 2, dans lequel les 25 
ingredients discrets constituent un melange physi- 
que. 

6. Masque selon la revendication 1, dans leque! les 
regions bloquantes sont essentiellement consti- 30 
tuees d'une couche unique de matiere homogene. 

7. Masque selon la revendication 1, dans lequel 
repaisseur des couches bloquantes produit le de- 
phasage pour un rayonnement d'une longueur d'on- 35 
de se trouvant dans la gamme de longueurs d'onde 

de 50 nm-3,0 nm. 

8. Masque selon la revendication 7, dans lequel la di- 
mension des caracteristiques de I'image est inte- 40 
rieure k 0,18 |i.m. 
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